The behavior of a Pd nanocluster on the rutile TiO 2 (110) surface has been analyzed by extensive first principles molecular dynamics simulations between 100 K and 1073 K. Calculations predict a steep change in the morphological and electronic cluster structure around 800 K in excellent agreement with previous experimental evidence. At low temperature, the cluster geometry is mainly controlled by the substrate structure; however, upon the transition temperature, the cluster-substrate interaction decreases appreciably, and the cluster adopts a geometry more stable in vacuum and becomes metallic. These results illustrate at an atomistic level the influence of temperature on the geometrical and electronic properties of oxide-supported clusters.
The behavior of a Pd nanocluster on the rutile TiO 2 (110) surface has been analyzed by extensive first principles molecular dynamics simulations between 100 K and 1073 K. Calculations predict a steep change in the morphological and electronic cluster structure around 800 K in excellent agreement with previous experimental evidence. At low temperature, the cluster geometry is mainly controlled by the substrate structure; however, upon the transition temperature, the cluster-substrate interaction decreases appreciably, and the cluster adopts a geometry more stable in vacuum and becomes metallic. These results illustrate at an atomistic level the influence of temperature on the geometrical and electronic properties of oxide-supported clusters. DOI Deposition of metals on metal oxide surfaces has been widely used in catalysis to obtain supports with specific properties [1] . This approach has found important applications in heterogeneous catalysis [2, 3] . Among the metal oxide surfaces, rutile, and, in particular, the (110) face, has become a prototype due to its thermodynamic stability and relatively easy preparation [4] . Palladium clusters deposited on this surface can be considered as a catalyst model and have been extensively studied by different experimental techniques [5] [6] [7] [8] [9] . In the experiments, the surface is usually given some annealing treatment in which the role of temperature is especially important because on increasing the temperature, metal clusters can diffuse and coalesce. It is known that the size and distribution of metal clusters notably influence their catalytic activity [10] . In particular, photoelectron spectroscopy and resonant photoemission experiments for Pd coverage in the sub-and monolayer range on this surface [5] showed that annealing treatments at 700 K induced changes in the morphology of Pd clusters and the formation of islands, characterized by a high ratio between the volume and the area in contact with the substrate. It was also observed that their metallic character increased significantly upon the transition temperature.
Theoretical studies can provide valuable insights into the atomistic mechanisms of cluster deposition processes. Traditionally, these investigations used to be based on molecular dynamics (MD) simulations using semiempirical interatomic potentials [11, 12] . However, most of these processes involve quantum effects that require a more precise description. First principles calculations on such large systems including dynamical effects are computationally demanding, and, until recently, they had been considered prohibitive. However, nowadays the development of modern fast computers makes this kind of calculations feasible [13, 14] . Here, we report on density functional theory (DFT) calculations of the deposition of a 12 atoms Pd cluster on a nonstoichiometric TiO 2 (110) surface. In order to analyze the evolution of the cluster properties as temperature increases, extensive first principles molecular dynamic simulations were carried out. We shall show that the theoretical analysis predicts a transition temperature in remarkably good agreement with experiments, and, in addition, it allows an atomistic interpretation for the changes in cluster properties.
In the present Letter, the implementation of DFT with plane waves has been used. The exchange-correlation contribution to the total energy was computed by means of the generalized gradient approximation (GGA) with the Perdew91 functional [15, 16] . The inner electrons have been represented by the PAW (plane augmented waves) potentials [17] [18] [19] . One-electron states have been expanded in a plane wave basis with a 400 eV kinetic energy cutoff. All calculations have been carried out at the ÿ point of the Brillouin zone and using the VASP (Vienna ab initio simulation package) code [20 -22] . A (4 2) supercell of three layers with optimized lattice parameters of a 4:616 A, c 2:974 A, and u 0:304 has been used for the (110) surface. Full convergence tests and technical details can be found in a previous work [23] .
Metal oxide surfaces generally contain a high density of point defects [24] which can play an important role in the catalytic activity. Specifically, in the rutile TiO 2 , the main point defects consist of bridging oxygen vacancies. By means of Scanning Tunnelling Microscopy (STM), the amount of oxygen vacancies has been quantified as 7-10% when the surface is annealed at 900 K [25, 26] . Point defects on oxide surfaces are considered preferential nucleation sites for cluster formation [27, 28] . Recently, Sanz et al. [29] studied the adsorption of Pd atoms and dimers on the stoichiometric and defective TiO 2 (110) surfaces and found that the adsorption on surface oxygen vacancies is stronger than that on the defect-free surface indicating that defects would act as nucleation sites. Our calculations were carried out on a defective surface created after removing a bridging oxygen atom from the system, which sets up a defect density of 12.5%, close to the experimental value. First principles molecular dynamics simulations were performed every 100 K between 100 and 1073 K. A typical simulation for a given temperature consisted of an equilibration run followed by a production run at the canonical ensemble. A time step of 3 femtoseconds was set up, and 1000 configurations were generated at each run. The last configuration generated was used as the first one at the next upper temperature. Each run required one week CPU time on a 24 nodes computer cluster (Pentium IV at 3 GHz).
For each temperature, the binding energy was estimated as
where each term corresponds to optimized geometries. Figure 1 reflects two different regimes. Below the transition temperature (around 800 K), the binding energy is approximately 1 eV larger than at higher temperatures. This change might be related to the experimental behavior [5] . In order to investigate the origin of this transition temperature, the system structure was carefully analyzed at an atomistic level. Three snapshots at representative temperatures are shown in Fig. 2 . At low temperature, the substrate structure controls the cluster geometry, which rearranges maximizing the interactions with bridging oxygen and with fivefold titanium atoms. This coordination mode is similar to that found for Pd dimers adsorbed on the surface [29] . On increasing temperature, the cluster atoms have enough kinetic energy to rearrange but keeping strong interaction with the substrate. Finally, at the highest temperature, a Pd atom in the first layer jumps up to the second layer, reducing thus the metal contact area. This fact would be the origin of the reduction in the binding energy observed at the transition temperature. Consequently, the cluster experiences smaller influence from the substrate and rearranges in another geometry more spherical shaped and similar to those found in gas phase. A larger cohesive energy for this cluster also reflects its higher stability.
Radial distribution functions (RDFs) are good indicators of structural changes (Fig. 3) . The cluster transformation with temperature is clearly seen in Pd-Ti RDFs. The Pd-Ti distances reflect that at low temperature, the Pd atoms in the first layer are interacting strongly with fivefold Ti atoms. At higher temperatures, this peak diminishes and ends up disappearing almost completely. On the other hand, the Pd-Pd RDFs show in every case a single peak, which is centered at the Pd bulk distance (2.78 Å ) and the Pd-O RDFs show how distances widen by thermal agitation but with no significant changes.
The electronic structure was studied through the density of states. It is known that the creation of an oxygen vacancy in a stoichiometric surface causes a shift of the Fermi level from the top of the valence band to the bottom of the conduction band provoking a change in the electron conduction properties [4] . Upon one Pd atom deposition on the surface, the Fermi level remains at the same position although new features appear in the band gap. Furthermore, when the Pd 12 cluster is adsorbed on the surface, the corresponding density of states plot shows that the band gap is fully filled by Pd electronic states, and this structure is affected negligibly by temperature. It is worth pointing out that the free Pd 12 clusters resulting from our simulations have a metallic nature since their valence band is partially empty, independently of morphology and temperature.
It is particularly meaningful the analysis of the differences in electron density. They are computed through the formula
where the electron densities of the surface and the Pd cluster are calculated on the geometries obtained from the optimization of the whole system. In this way, reflects how the electron density is localized in the space, compared to the isolated fragments, after the adsorption process. Thus, positive values would correspond to density gain and negative values to density loss. Figure 4 shows as surfaces of values of 0:04e [blue (dark gray)] and ÿ0:04e [red (gray)]. At 300 K, there is a wide blue area in the cluster, close to the support, which reveals an important polarization due to some charge transfer from the cluster to the surface. Although it is not possible for us to quantify the magnitude of such a transfer, it is clear that the cluster electronic structure is conditioned by the substrate. However, as temperature increases, the positive and negative areas become smaller, reflecting a stronger metallic behavior since the cluster electronic structure is not longer affected by the substrate. Particularly, at the highest temperature (i.e., 1073 K), the charge is totally dispersed. This fact might be related to Della Negra's experiments, which indicated an increase in the cluster metallic behavior when the temperature is raised [5] .
Extensive first principles molecular dynamics simulations based on the density functional theory have provided evidence of a cluster transformation around 800 K, when a 12 atoms Pd cluster is annealed on the (110) rutile surface. The transition temperature is in good agreement with experimental observations, and its origin has been eluci- FIG . 3 (color online) . Radial distribution functions for Pd-Pd, Pd-O, and Pd-Ti species at the three temperatures discussed within the text.
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FIG. 4 (color online). Electron density difference maps for the system at three temperatures (300 K, 773 K, and 973 K). Atoms are represented by small spheres. Red (gray) and blue (dark gray) clouds show negative and positive charge transfer, respectively.
dated from an atomistic analysis. In the low temperature regime, the substrate controls strongly the cluster structure, which accommodates on the surface to maximize interactions with bridging oxygen and fivefold titanium atoms. Upon the transition temperature, the binding energy decreases by 1 eV due to atoms moving from the first to the second layer. Consequently, the metal contact area with the substrate diminishes, and the cluster is more akin to the gas phase structure. Moreover, the cluster electronic properties change as temperature increases, and the cluster becomes more metallic. This work was funded by the Spanish Ministerio de Educación y Ciencia, Project No. MAT2005-01872.
